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Diffusive theory of spin injection is reviewed and a number of new results is presented for the dc 
and ac regimes. They were derived by means of the 7-technique allowing to simplify the calculations 
by choosing the spin injection coefficients through different interfaces as the basic variables. The 
prospects for increasing spin injection by using resistive spin-selective contacts are emphasized and 
spin non-conserving contacts are introduced. Finding the basic parameters of a junction from the 
ac data is discussed. 

1 Introduction 2 Diffusive theory: FTN-junction 



Spin injection is believed to be the key to many new 
phenomena and applications—in the field of the spin- 
polarized electron transport .00 Ferromagnetic metals are 
robust sources of spin-polarized electrons applicable in 
a wide range of temperatures and requiring no external 
magnetic field, while semiconductor microstructures are 
well suited for operating the transport of the injected 
spin-polarized electrons. However, the first experimental 
studies failed to achieve a considerable spin polarization 
degree of the current injected from metallic ferromagnets 
into semiconductors, and the concept of the "conductiv- 
ity mismatch" provided a natural explanation of that fail- 
ure. I argue in what follows that for a properly designed 
ferromagnet-semiconductor junction the difference in the 
conductivities of the different elements of the junction be- 
comes an advantage rather than an obstacle for efficient 
spin injection. For this purpose resistive spin-selective 
contacts should be employed. 

Spin injection from a ferromagnetic (F) source into a 
semiconductor (more generally, into a normal conductor, 
N) across a resistive tunnel or Schottky contact (T) is 
controlled by three competing resistances: rp and rjv, 
the effective resistances of F and N conductors, and r c , 
a contact resistance. The spin injection coefficient 7 of 
the junction is controlled by the largest of these three re- 
sistances. The resistance r c is very small for a "perfect" 
contact, r c 0, and rp r/v when N is a semiconduc- 
tor and F is a metal. Under these conditions, the spin 
non-polarized semiconductor controls the injection and 
7 ~ rp/rjy <C 1, hence, perfect contacts are ill fit for 
the role of spin emitters. However, experimental data on 
the spin injection from magnetic STM tips and similar 
sources show convincingly that the contact resistance is 
strongly spin dependent When r c > r^,rp, the contact 
resistance gains control over the spin injection across the 
junction, and the spin selectivity of the contact becomes 
the major factor controlling 7.0 Recent reports on a dra- 
matic increase in 7 rby using resistive contacts have con- 
firmed this concept^ 



The theory of spin injection takes a rather different 
form depending on the transport mechanism across the 
semiconductor (diffusive, ballistic, etc.). The diffusive 
approach is the basic toy model of the theory because (i) 
it provides a general insight on the problem, (ii) is formu- 
lated in terms of the basic physical parameters, and (iii) 
is most simple and results in explicit analytical formulae. 
The conclusions listed in the Introduction and the discus- 
sion that follows below are based on that approach. Some 
of the results may still remain valid even when, the cri- 
teria of the diffusive approach are not fulfilled.!^ Special 
advantages of the ballistic regime and perfect contacts 
that are anticipated!!] are outside of scope the this paper. 

The basic variables of the diffusion theory are the elec- 
trochemical potentials, ^^(x), and the currents, j-\,i{x), 
of up- and down-spin electrons, respectively. They obey 
the standard equations j-\,i{x) — c^l^Cl,!^) where 07^ 
are the conductivities and the continuity equations for 
the currents j-\,i{x) that include spin relaxation times 
t s . All these quantities should also bear the indeces F 
or N for the F- and N-regions. More attention should 
be paid to the boundary conditions. When a contact, 
at the point x = 0, is spin conserving as is usually sup- 
posed then = ifj(0) = j],[- For resistive contacts 
needed to achieve an efficient spin injection the poten- 
tials Q-\.i{x) are discontinuous at x = and related to 
the currents as 

3tl = ^,l(&)-€i(0)), (1) 

where Ej^ are contact conductivities for up- and down- 
spins. That is Eq. ([!]) that makes a critical difference 
between the spin injection and the Shockley's theory of 
p — n-junctions where £'s are continuous. 

Solving these equations for an isolated FTN-junction 
with unlimited F- and N-regions is straightforward. For 
the spin infection coefficient 

7 = 0't-j'i)M J = h+h, (2) 



it provides a simple resuli 
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7 = [r c (A£/£) + r F {Aa/a F )]/r FN . (3) 

Here £ = £j + Ej,, AE = E| — Ej and o\f = o"j + cr^, 
Act = (T| + (T| describe the total conductivities and 
spin selectivities of the contact and the ferromagnet, re- 
spectively. The denominator r F N — r F + r c + rpj is 
a sum of three effective resistances r F = a F L F /Aa-\ai, 
rjv = Ljv/ctv, and r c = £/4£j£j of the ferromagnet, 
the normal conductor, and the contact, respectively. L F 
and Ljq are the spin diffusion lengths in F- and N-regions 
while (Tat is the N-region conductivity. For a perfect con- 
tact, r c — 0, this result has been known for long.B 

An important conclusion follows from Eq. (||) . If r c = 
then 7 ~ r F /rN, hence, 7 « 1 whenever r F jr^ <C 1. 
Because this is the case for a contact of a ferromag- 
netic metal and. a semiconductor, the conductivity mis- 
match concepttj and a pessimistic prognosis for such spin 
sources follow immediately. However, if the contact is 



both resistive, r c > r^,r F , and spin selective, AE ~ E, 
then 7 is about 7 ~ AE/E and this ratio can be rather 
high. Therefore, the contacts that are both resistive and 
spin selective can remedy the problem. The restriction 
imposed on r c by this criterion is rather mild: r c should 
only exceed the resistances r F and rjv that are inherent 
in the system. Under these conditions the spin selectiv- 
ity of the contact AE/E rather than Ao~/o~ F becomes the 
critical factor controlling the spin injection. 

When a resistive contact has internal magnetic degrees 
of freedom, then its spin selectivity can be controlled by 
the spin polarized current injected from a ferromagnetic 
electrode. This idea has been elaborated in Ref. [ll] for 
a magnetic ion doped quantum dot (microcrystal) con- 
nected to the F and N leads. 

Similar but more elaborate calculations result in the 
resistance of a F-N-junction R = E _1 + i? n _ cq where 



Rn- cq = {r N MAE/E) 2 + r F (Aa/a F ) 2 ] + r c r F [(AE/E) - {Aa/a F )] 2 }. (4) 

r F N 



E _1 is the equilibrium part of the resistance while 
i? n _ cq is its nonequilibrium part that vanishes when both 
L f ,Ln — > 0. Remarkably, the right hand side of Eq. (^) 
is evidently positive. Therefore, spin injection enlarges 
the resistance of a junction. This property is rather gen- 
eral. 



3 7-technique 

Solving the equations for an isolated spin-conserving 
FTN-junction is a relatively simple problem and there 
is a complete agreement between the results reported 
for 7 by different authors. However, when it comes to 
more involved systems including, e.g., a junction with 
two FTN-contacts, or to spin non-conserving junctions, 
the number of equations increases and the calculations 
get highly cumbersome. Apparently, it is why there 
exist controversies in the results derived for FNF- and 
FTNTF-junctions by different authors, and the prob- 
lem of spin non-conserving junctions has not been ap- 
proached until now. I emphasize that the equations for 
these systems are still elementary, hence, the problem is 
completely technical. For this purpose I have developed 
a special technique (7-technique) that allows to organize 
calculations in such a way that they get simpler and, 
therefore, the results become more reliable. 

In the 7-technique (i) the coefficients of spin injection, 
F's, through the different interfaces (or through the left 
and right boundaries of the same spin non-conserving 
contact) become the basic variables, (ii) the external 
parts of the junction are eliminated and their parame- 
ters are absorbed into the boundary values of £'s at the 
interfaces, (iii) these £'s are expressed through T's, and 
(iv) the self-consistency condition for T's is derived. Of 



course, T's for a system with a finite N-region differ from 
7's found for an unlimited FTN-junction, Eq. (||), but 
they can be expressed in terms of those 7's. These equa- 
tions are concise when written in appropriate notations. 
The junction resistance R and the spin valve effect AR 
can be expressed in the same terms. All results presented 
below were derived by this procedure. 

4 FTNTF-junction 

When both FTN-contacts are spin conserving, the sys- 
tem of equations for all C(x)'s and j(x)'s in F- and N- 
regions, including the boundary conditions, can be split 
into two systems. The first system includes only differ- 
ences £j (x) — (4 (x) and j j (x) — j± (x) that can be related 
to and Tr, the spin injection coefficients through the 
left and right contact, respectively. The 7-technique re- 
sults in the following equations for Tl and Tr: 

r FN (d)T L - {r N /sinh(d/ L N )}T R = r^ NlL , 
- {r N / smh(d/L N )}T L + r%(d)T R = r§ N j R , (5) 

where d is the width of the N-region and 

r F { N ] (d) = r F iR) + r^ K) + r N coth(d/L N ). (6) 

The simple system of two equations, Eq. (g), with Jl^r of 
Eqs. in the right hand sides, describes completely the 
spin injection through an asymmetric FTNTF-junction, 
parameters of both ferromagnets and both contacts are 
completely independent. As applied to a symmetric junc- 
tion, various injection regimes have been discussed in 
Rcf. [l2| in the framework of the traditional approach. 

Calculating the junction resistance R is a more chal- 
lenging problem. For this purpose one should solve 
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the equation for the symmetric combination of the elec- 
trochemical potentials Z(x) = [Cf(^) + Cl( x )]/2, apply 
Eq. (^), and take advantage of the fact that the total 
drops of Z(x) and of the electrical potential <p(x) across 

Rn- cq {lL,J R ) = 2[r F {Aa/a F ) 2 + r c (AE/E) 2 ] 

Here V = (r F + r c f + r 2 N + 2r N (r F + r c ) coth(d/L N ). 

Experimentally two basic configurations are of inter- 
est, with the parallel and antiparallel magnetization of 
the leads when = jr or = — Jr, respectively. In 
both cases Vyl\ = |tr| = 7- It is a remarkable prop- 
erty of Eq. (@) that the valve effect AR = R(U) - #(tt) 



Both Eqs. (H) and (^|) are new. To the best of my knowl- 
edge, they differ from various equations available in lit- 
erature. More general equations will be published else- 
where. 

It is seen from Eq. (||) that i? n -cq(TT) > 0. This prop- 
erty established in Ref. ^ has been observed experimen- 
tally in Ref. |l3] by changing gradually the magnetization 
of semimagnetic electrodes. 



5 Measuring basic parameters 

Spin injection coefficients depend critically on the rel- 
ative values of a number of different parameters related 
to the bulk and the interfaces. These are the effective 
resistances (r F , rjsr, and r c ), the parameters on which 
they depend like spin diffusion lengths (L F and Ljv), 
and the spin selectivities (Aa/a F and AE/E). How can 
these parameters be measured in non-destructive exper- 
iments? The dc resistances R discussed above cannot 
solve tie-problem. Independent experimental data like 
opticst-Mi3 and spin e.m.nia have already brought a lot 
of important information, and I expect the ac electrical 
data may also became a useful tool. However, including 
these phenomena into the theory involves some changes 
in the techniques. 

All results discussed above were derived using equa- 
tions for C'a and j's only, and the electrical potential f(x) 
was not involved. Therefore, the problem of the screen- 



the junction are exactly equal. For a symmetric junction 
the resistance R = 2E _1 + i? n _ cq , and its nonequilibrium 
part equals 

2{r 2 FN /V)[ 1 2 r FN {d) + lLlR r N /smh{d/L N )]. (7) 

[i.e., the difference in R for the antiparallel and parallel 
configurations] comes exclusively from its very last term 
proportional to the mixed product jlJr- That is one of 
the reasons why the representation of R in terms of 7's 
is so advantageous. With Eq. (|) taken into account, the 
explicit expression for the spin valve effect is 



(8) 



(9) 



ing of electrical interactions did not appear, at least ex- 
plicitly. This separation of the transport and Coulomb 
problems is a very special property of the dc transport in 
two-terminal geometry. Any generalization of the prob- 
lem results in involving <p(x). E.g., electron concentra- 
tion n(x) is critical for optical experiments. For small 
deviations from the thermodynamic equilibrium the con- 
centrations n^i(x) of up- and down-spin electrons are 
related to the electrochemical and electrical potentials as 

Ct.xO) = n hi( x )/ e Phi - <p( x )i ( 10 ) 

where p^i are the densities of states for these electrons. 
Therefore, the solutions are no more universal and be- 
come depending on the dimensionality that strongly in- 
fluences the screening. 

In a similar way, in the ac regime the continuity equa- 
tions for the spin-polarized currents j^^(x,t) include 
the time derivatives dn^i(x,t)/dt that, quite similar 
to Eq. (|f0|), bring <p{x) into the game. Moreover, for 
time dependent currents the equations for the differences 

(2;, t)—£i(x, t) and the sums Z(x, t) of the electrochemi- 
cal potentials do not separate any more. In what follows, 
the equations for the ac response to a time dependent 
potential proportional to exp(— iut) are presented. They 
were derived under the assumption that the quasiaeu- 
trality condition, n^(x, t) + ni(x, t) k, 0, is fulfilled.EZl 

The complex impedance of a FTN-junction Z(oS) can 
be found from Eq. (Q) for the dc resistance R by changing 
the diffusion lengths L F and Lm to 

(11) 



L F (u) = L F /(l - iwrf) 1 / 2 , L N (io) = L N /(1 - iut*) 1 ' 2 . 



4r N (r, 

AR= v 



[(r F + r c ) 2 + r%] sinh(d/L N ) + 2r N (r F + r c ) cosh(d/L N ) ' 

Using Eqs. (§) and (J7|), one can also find the nonequilibrium resistance i? n _ cq (ff). When r c = 0, it equals 

d ^t-n 1 /a / \ 2 r N s'mh(d/L N ) +r F [cosh(d/L N ) - I] 
i?„_ oq (TT) = 2r F r N (Ac/ <j f ) 



{r 2 F + r 2 N ) smh{d/L N ) + 2r F r N cosh(d/L N ) ' 
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Here rf and are the spin relaxation times in the F 
and N regions, respectively. As a result, Z{oj) acquires 



a reactive part having a capacitive sign. Eq. (11) shows 
that two characteristic frequencies, luf — (tJj 1 an d 



lun = (t^) -1 , should manifest themselves in Z(uS), Ex- 
perimental observation of these frequencies should allow 
measuring the spin relaxation times. The low frequency 
capacitance Cliff found from Eqs. (0) and (O) equals 



Cliff 



tf- 



Acr 
OF 



F 

t s r F 



AS , Ac' 

r c — (r c + rjv) 

Zj CTp 



/2i? 



2„2 



' FN- 



(12) 



It is controlled by the relaxation of nonequilibrium spins 
and, therefore, is similar to the diffusive capacitance 
in the theory of p — n-junctions. However, the exis- 
tence of the resistance r c changes the dependence of 
Cdiff on the relaxation times. The square root depen- 

1/2 

dence, Cdiff oc r s , typical of p — rt-junctions is valid 
for spin injection only when r c = 0. In the opposite 
limit r c 3> n?, rzv, that is of major interest for spin injec- 
tion devices, it follows from Eq. (|l2] ) that Cdiff oc r 3 / 2 . 
Depending from the relative magnitude of rf and rf, 
different combinations of them can appear in Cdiff, a-ad, 
a large typical of semiconductor heterostructurestJ 
can enlarge Cdiff considerably. However, it is a general ^ir- 



regularity that a large r c > tn,tf reduces Cdiff. 

The frequency dependences of Cdiff (w) and of the ac- 
tive resistance i? n _ eq (w) are sensitive to the relative mag- 
nitude of the basic resistances rp, r c and r^. Therefore, 
these dependences are a promising tool for measuring 
these resistances. Frequency dependence is also a key for 
separating the diffusive capacitance Cdiff (w) from the ge- 
ometric capacitance C gcom = b/AttX that is expected to 
be frequency independent under the conditions of the 3D 
screening, X being the contact thickness. 

Similar equations can be applied to the optical exper- 
iments on the recombination of holes with electrically 
injected spin-polarized electrons. 

Eq^^t) for spin injection is applicable also to the spin- 
e.m.f.li3 at a spin selective contact AippN — 'yCoo/2, 
where is the difference of the potentials Ct,| m the 
N- region far from the contact. This AippN includes both 
the contact ("valve") and the Dember contributions. 



5 Spin non-conserving junction 

If spin is not conserved in a FTN-junction, because of 
the spin dynamics or of the spin relaxation, then the gen- 
eralized Eq. (Q) includes a matrix £ a( 3 that is nondiagonal 
in the spin indeces a and (3. The element Y, a p describes 
the transfer of an electron from the a spin state in the 
ferromagnet to the /3 spin state in the N-conductor. In 
the dissipative regime and with the time inversion sym- 
metry violated by the spontaneous magnetization in the 
F-region, the only restriction imposed on these coeffi- 
cients is E a/ 3 > 0. In addition to increasing the number 
of parameters, the problem becomes more difficult tech- 
nically also because the symmetric and antisymmetric 
variables, Z(x) and C]i x ) ~ Ql( x )i do not separate any 



more even in the dc regime. Nevertheless, the equations 
of the 7-technique for the spin injection coefficients at 
the left and right boundaries of the contact, jf and jn, 
can be derived and solved. 

Spin non-conserving junctions possess a number of pe- 
culiar properties that differ them from the spin conserv- 
ing junctions discussed above. E.g., i? n -cq can change 
sign. This behavior is absolutely incompatible with the 
properties of the spin conserving junctions established 
above. This possibility is clearly seen in a special case 
when Xff = £[4,, £fx = £j.t) an d Act = (what 
does not exclude strong bulk magnetization). Then 



-£ U /2£ TT (£ 
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< 0, hence, i? n - oq is 



negative. This result shows that the magnitude and even 
the sign of R n - e q is controlled by a delicate balance of 
the processes in the bulk and at the interfaces. 

Acknowledgments 

Support from DARPA/SPINS by the Office of Naval Re- 
search Grant N000140010819 is gratefully acknowledged. 



2 S 
3 



s. 

4 E. 
5 H. 
R. 



A. Wolf et al, Science 294, 1488 (2001). 
Das Sarma et al, Solid State Commun. 119, 207 (2001). 
F. Alvorado, Phys. Rev. Lett. 75, 513 (1995). 
I. Rashba, Phys. Rev. B 62, R16267 (2000). 
J. Zhu et al, Phys. Rev. Lett. 87, 016601 (2001); P. 
Hammar and M. Johnson, Appl. Phys. Lett. 79, 2591 
(2001); A. T. Hanbicki et al, ibid . 80, 1240 (2002); V. F. 
Motsnyi et al. |sond-mat/011024C . 

H. B. Heersche et al, Phys. Rev. B 64, 161307 (2001). 
G. Kirczenow, Phys. Rev. B 63, 054422 (2001). 
S. Hershfield and H. L. Zhao, Phys. Rev. B 56, 3296 (1997). 
P. C. van Son et al, Phys. Rev. Lett. 58, 227 (1987). 
G. Schmidt et al. , Phys. Rev. B 62, R4790 (2000). 
Al. L. Efros et al, Phys. Rev. Lett. 87, 206601 (2001). 
A. Fert and H. Jaffres, Phys. Rev. B 64, 184420 (2001). 
G. Schmidt et al, Phys. Rev. Lett. 87, 227203 (2001). 

14 Optical Orientation, eds. F. Meier and B. P. Zakharchenya 
(North-Holland, Amstrdam, 1984). 

15 J. M. Kikkawa and D. D. Awschalom, Phys. Rev. Lett. 80, 
4313 (1998). 

16 M. Johnson and R. H. Silsbee, Phys. Rev. Lett. 55, 1790 
(1985). 

17 E. I. Rashba, Appl. Phys. Lett., 80, 2329 (2002). 



7 , 

8 . 


10 

11 

12 
13 



4 



